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THE EFFECT OF TEMPERATURE ON THE REGISTRATION
OF SINGLE PHASE INDUCTION WATTHOUR METERS
I. INTRODUCTION
1. Purpose and Scope of Investigation.-The investigation of the
effect of temperature upon the registration of two-wire, single-phase
watthour meters was undertaken at the suggestion of the Meter Com-
mittee of the Great Lakes Section of the National Electric Light Asso-
ciation. Such meters are often located in places subject to wide changes
of temperature, and it'is therefore important to ascertain how the regis-
tration is affected thereby.
The greatest field of application of single phase meters is residence
metering, and for this class of service 5-ampere, 110-volt, 2-wire meters
are more generally used than meters of any other capacity. The same
size of meter, with suitable transformers, is also used for metering large
single phase loads. For these reasons, 5-ampere, 110-volt, 2-wire meters
were used in this investigation.
Self-contained meters of other capacities operate on the same prin-
ciple and therefore would be affected in the same way by variation of
temperature.
II. THEORY OF INDUCTION WATTHOUR METER
2. Production of Driving Torque.-It was found that variations in
temperature affect a meter in several ways, both electrically and me-
chanically, so that a brief outline of the construction and operating prin-
ciples of the induction meter and of the possible sources of error seems
desirable. The magnetic and electric circuits of this type of meter are
shown in Fig. 1. The potential coil P, consisting of many turns of fine
wire, is connected across the line and, if the frequency is constant, will
carry a current proportional to the line voltage. The current coils CC'
are connected in series with the load and carry the load current. Since
the coil P is connected across the line, a current which is independent of
the current taken by the load will flow in it and will establish a magnetic
flux in the laminated iron circuit linked with the coil. At the air gaps the
flux spreads and part of it will pass through the disk D and, because it
alternates, will cause an e.m.f. to be induced in the disk. Looking at
Fig. la, it is seen that the induced e.m.f. will be toward the reader under
one air gap and away from the reader under the other, or looking at the
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FIG. 1. ELECTRIC AND MAGNETIC CIRCUITS OF A
SINGLE PHASE INDUCTION METER
disk from above, as in Fig. Ib, one e.m.f. will be directed toward the
center and the other toward the edge. These two e.m.fs. are in the same
direction with respect to a path shown by the dash line and consequently
a current will flow in this path, and this current will be proportional to
the line voltage E and in phase with it. Figure 2 shows the vector re-
lations of the ideal case, where E is the line voltage, Ip the potential coil
current, , the flux established by the current I,, Ed the e.m.f. induced
in the disk, and Id the current flowing in the disk.
Referring to Fig. 1, it will be seen that the coils CC' are so located
that the current Id will lie in the field produced by them, and there will
be, as a consequence, a torque produced tending to rotate the disk. If
the field produced by coils CC' is in phase with Id the average torque
produced will be proportional to the product of Id and the field, or since
the field is produced by the load current IL, to the product of Id and IL.
If It is not in phase with Id the average torque will be proportional to
the product of Id and the component of IL which is in phase with Id.
Since Id is proportional to E, the torque is proportional to the product
of E and the component of IL in phase with E or to the power in the
load circuit.
3. Relation Between Driving Torque and Speed.-Since the torque
has been found to be proportional to the power, the movement of the
disk can be utilized to indicate this power. If the disk were restrained
" '
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FIG. 2. VECTOR DIAGRAM FOR IDEAL METER
by means of a spring, such that the restoring force of the spring were
proportional to the movement of the disk, the disk would take up, at all
times, a position which is proportional to the average power, and its
position would therefore be an indication of the amount of power to be
measured. If the disk were free to turn but were damped in such a man-
ner that the damping torque would be proportional to the speed, then for
a given power the disk would rotate at a given speed. Assuming that the
disk is running at a given speed, proportional to the power, the number
of revolutions made in a given time will be proportional to the power and
to the time, or to the energy; and if the meter is provided with a revolu-
tion counter, the total number of revolutions recorded in a given time
will indicate the energy consumed during this time. A damping device,
which will produce a damping torque proportional to the speed, may
consist of a permanent magnet so placed that the disk cuts through the
field of the magnet. Under these conditions the e.m.f. generated in the
disk, and therefore the current which flows as a result, will be directly
proportional to the speed. For constant speed conditions, the driving
torque produced by the interaction of the alternating fields of the
potential and current coils will be equal to the damping torque produced
by the permanent magnet.
III. INHERENT VARIATIONS OF PRACTICAL METER FROM
IDEAL CONDITIONS
4. Sources of Error.-In the practical meter it is not possible to
realize the ideal conditions. The variations are due to the following
causes:
(a) Since the coil P has resistance, the current in this coil will not
be exactly 90 deg. out of phase with the voltage; and therefore the e.m.f.
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induced in the disk due to the field of the coil will not be exactly in phase
with the line voltage.
(b) The current in the disk produced by the alternating field will
not be exactly in phase with the induced voltage in the disk, due to the
fact that the eddy current path will have inductance as well as resistance.
(c) The torque opposing rotation will not consist wholly of the
torque generated by the movement of the disk in the field of the perma-
nent magnet but will be made up in part of the friction of the bearings of
the various moving members.
5. Correction of Inherent Errors.-The inherent errors can be com-
pensated for as follows: The first and second neutralize each other to
some extent, and their resultant error may be corrected by the use of a
circuit such as shown in Fig. 3. In this circuit the potential coil of the
meter acts as the primary of a transformer and a second coil as the
secondary. The secondary coil may consist of several turns of wire
wound on the potential coil core and connected to an adjustable resist-
ance, or it may consist of a sheet metal stamping. In either case this
secondary is spoken of as the lag coil.
Figure 4 shows the vector diagram of the currents and voltages.
E is the voltage across the potential coil and across the load; F, is the
m.m.f. produced by the current in the potential coil, FL is the m.m.f.
produced by the current in the lag coil, Fd is the m.m.f. produced by the
current in the disk, and F is the resultant of these three; EL is the e.m.f.
induced in the lag coil, and Ed is the e.m.f. induced in the disk. By prop-
erly adjusting the resistance, or the position, of the lag coil, these quan-
tities may be made of such magnitude and phase position as to make Id,
the current in the disk, in phase with E, and thus make the driving
torque proportional to E and the component of the load current which
is in phase with E.
The third inherent error may be partially overcome by the use of a
shading coil on the potential coil magnetic circuit. The size and position
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FIG. 4. VECTOR DIAGRAM FOR COMMERCIAL METER
of this shading coil can be made such as to create a driving torque just
sufficient to compensate the resisting torque of friction, and if the torque
due to friction were constant at all speeds, the friction compensation
could be made perfect at all speeds.
IV. DESCRIPTION OF APPARATUS
6. Description of Cabinet.-Figure 5 shows the construction of
the cabinet finally used and the method of insulating it. This cabinet
was so constructed that a large temperature range could be obtained.
The inner box was large enough to contain five different makes of meters.
It was lined inside with two layers of asbestos paper. The outer box
provided a dead air space around the inner box when the meters were
being heated and a space for the circulation of cold air when the meters
were being cooled. This box was lined with three layers of asbestos
paper and covered with two one-inch layers of Flaxlinum. Observations
of the meters under test were made through suitable windows in the
inner and outer boxes. The window of the inner box was of double glass
with a dead air space between the plates. The refrigerating unit was
installed in a compartment on the side of the outer box and was pro-
tected against the higher temperatures by the insertion of a heat insulat-
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FIG. 5. INTERIOR VIEW OF TESTING CABINET
ing door in the side of the outer box. The box surrounding the refriger-
ating unit had three one-inch layers of Flaxlinum on the sides and top
and four one-inch layers on the bottom. All joints of the outside cover-
ing were lapped to reduce to a minimum the heat loss by convection.
7. Temperature Control.-Carbon lamps controlled by a thermostat
were used for heating the meters. Definite temperatures lower than
room temperature were maintained by permitting the refrigerator to
operate at maximum capacity and adding heat at different rates by the
use of the lamps. The temperature of the meters was measured by
copper-constantan thermocouples. One junction was placed on the
potential coil yoke of each meter and the other junction was maintained
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FIG. 6. DIAGRAM OF METER CONNECTIONS
For unity power factor close switch S at 2.
For 50 per cent power factor close switch S at 1.
Leading or lagging power factor depends upon phase rotation.
at 0 deg. C. (melting ice). Thus the temperature of each meter could
be determined by measurement of the thermal electromotive force
generated between the two junctions of each thermocouple. The electro-
motive force was measured by the balanced electromotive force or zero
current method with the use of a Leeds and Northrup potentiometer.
The rotating standard meter used during the tests was placed in an
asbestos-lined box to prevent temperature changes. The temperature
of this standard was maintained constant by means of carbon lamps and
thermostatic control.
V. METHOD OF MAKING REGISTRATION TESTS
8.7Method of Making Registration Tests.-The meters were con-
nected as shown in Fig. 6 and adjusted to correct registration at light
load and three-quarter load, at normal temperature.* Then the tem-
perature was varied through several heat cycles and registration of the
meters recorded for the various temperatures and at various loads. The
same volt-ampere load values were used for each set of conditions and
at the three power factors studied. The voltage and frequency of the
circuit were maintained at 110 volts and 60 cycles, respectively. The
temperature of the rotating standard was held constant at 25 deg. C.,
and the potential coils of the standard and other meters were excited at
*See Rule 9, General Order 65, Illinois Commerce Commission.
ILLINOIS ENGINEERING EXPERIMENT STATION
all times so as to eliminate any error caused by the changes in the tem-
perature of the coils due to the exciting current.*
In order to reduce the errors due to personal equation as much as
possible, three observations were made under each condition and the
average value was recorded. The number of disk revolutions used at the
various loads was such that the time required for each reading varied
between 30 and 45 seconds. The purpose of this was to reduce to a mini-
mum any error that might occur in stopping and starting the rotating
standard and at the same time to eliminate as much as possible the effect
of any fluctuations that might occur in the frequency and voltage of
the system.
VI. TESTS TO DETERMINE EFFECTS OF VARIOUS FACTORS
9. General Procedure.-It was apparent early in the tests that the
change in registration was due not to any single cause but to the com-
bined effect of several causes. In order to determine the effect of some
of the various factors, the damping magnets were removed from the
upper element of a polyphase meter and this element was then connected
to a single phase source. By this method the driving element acted
on the upper disk only and the damping element on the lower disk only.
Since the driving element and the damping element were separated, the
effect of each could easily be studied without interference from the other.
The meter was adjusted to correct registration at normal temperature
at the beginning of each individual test. A small gas flame was used to
heat the particular part of the meter being studied. The temperature
was not varied through several heat cycles for these tests, as the direc-
tion rather than the magnitude of the variation was the result desired.
10. Heating Permanent Magnets.-The permanent magnets were
thoroughly heated to a temperature of approximately 50 deg. C. above
room temperature. The registration of the meter was recorded at
various loads under this condition. Then the magnets were permitted
to cool to normal temperature and the registration was again recorded
to see if the magnets returned to their original position and strength.
11. Heating Disk.-In testing the temperature effect on the
meter disk, both the driving disk and the damping disk were tested.
*When the temperature of the meters was changed from one value to another, considerable time
was allowed for the temperature to come to a steady condition.
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When the upper disk was heated the effect on the driving torque
was indicated and when the lower disk was heated the effect on the
damping torque was indicated. The combined effect on the two torques
was shown by testing one disk on which both the driving torque and the
damping torque acted.
12. Heating Potential Coil, Lag Coil, and Friction Compensating
Coil.-The coils were heated, but as they are so placed that considerable
radiation occurs, satisfactory conditions could not be obtained.
Consequently, the results obtained for these tests were not considered
a reliable indication of the temperature effect on these parts alone.
VII. RESULTS OF TESTS
13. Variation in Registration of Meter as a Whole.-The total
variation of registration with temperature for each meter at four different
loads is shown by Figs. 7, 8, and 9. It will be noted that the registration
for 50 per cent power factor, current lagging, decreases with increase
in temperature for meters Nos. 1 and 2, and remains nearly constant for
meters Nos. 3 and 5. In all other cases recorded the registration in-
creases with increase of temperature.
These curves also indicate that the relation between temperature
and meter registration is a linear one, and therefore the effect of tem-
perature can be expressed in terms of change of registration per degree
change in temperature.
14. Definition of Temperature Coefficient.-The term "Temperature
Coefficient" is used to express the change in per cent registration per
degree centigrade. Figure 10 shows the relation between load and
temperature coefficient. The shape of these curves depends upon the
relative magnitudes of the effects of the various factors, upon the type
of lag coil circuit used, and upon the magnitude of the friction com-
pensation.
15. Effect of Heating Permanent Magnets.-The results of heating
only the permanent magnet of a meter showed an increase of 4 to 5 per
cent in the registration of the meter. It was noted that the meter re-
turned to its original registration after the magnet cooled, showing that
the magnet did not undergo any permanent change in strength.
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Tempera//ure in deg. C
FIG. 7. VARIATION IN REGISTRATION WITH TEMPERATURE
FOR METERS Nos. 1 AND 2
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FIG. 8. VARIATION IN REGISTRATION WITH TEMPERATURE
FOR METERS NOS. 3 AND 4
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FIG. 9. VARIATION IN REGISTRATION WITH TEMPERATURE
FOR METER NO. 5
16. Effect of Heating Disk.-When the disk was acted upon by
the driving element only, heating the disk caused a decrease in the
registration of the meter; but when the disk was acted upon by the
damping element only, heating the disk caused an increase in the regis-
tration. When the disk was acted upon by both the driving element and
the damping element, heating the disk caused an increase in the regis-
tration, showing that the effect of increased temperature is greater on
the damping than on the driving side.
VIII. ANALYSIS OF EFFECT OF TEMPERATURE ON VARIOUS
PARTS OF METER
17. Classification of Causes.-The tests show that the registration
of the meter is changed when the temperature at which it is working is
increased. This change can be attributed to the following causes, some
of which tend to increase the speed while others tend to decrease it:
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Load /i Volt-Amperes
FIG. 10. VARIATION OF TEMPERATURE COEFFICIENT WITH LOAD
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(a) The resistance of the potential coil is increased while the
inductance is changed but little, with the result that the potential coil
current is decreased in magnitude and brought more nearly into phase
with the impressed voltage.
(b) The resistance of the eddy current path on the driving side of
the disk is increased while the inductance is practically unchanged, re-
sulting in a decrease in the magnitude of the eddy current and a decrease
in the angle by which it lags behind the induced e.m.f.
(c) The resistance of the lag coil circuit is increased while its in-
ductance is changed but slightly with the same effect as in the case of
the potential coil and the disk.
(d) The resistance of the shading coil is increased, thereby de-
creasing the friction compensating torque.
(e) The resistance of the eddy current path on the damping side
of the disk is increased.
(f) The flux due to the permanent magnet is decreased.
(g) Changes in the relative positions of the various parts of the
meter take place, due to their expansion or to the expansion of the
supporting members.
These causes may be put in three groups, namely, those electrical
or magnetic causes whose effect is determined by the power factor of the
load circuit, those electrical or magnetic causes whose effect is inde-
pendent of the power factor of the load circuit, and the mechanical
causes.
18. Causes Dependent on Power Factor of Load.-The first, second,
and third causes listed above belong to the first group and their effects
are intimately associated.
Figure 1la shows the effect of increased temperature on the po-
tential coil current. The locus of the current vector for a circuit having
constant reactance and variable resistance is a semicircle with its
diameter perpendicular to the e.m.f. vector, the point A representing
the condition of zero resistance. From this it is seen that the effect of
increasing the resistance will be to decrease the current and the phase
angle. The same change would take place in the m.m.f. produced by
this current.
If this change took place in the potential coil alone, without any
change in the lag coil or the disk, the resultant m.m.f. acting on the
potential coil magnetic circuit would be that shown in Fig. 11b, where
ILLINOIS ENGINEERING EXPERIMENT STATION
Phase
Posi/ion
Phase
PosY/ion of
FIG. 11. VECTOR DIAGRAM SHOWING CHANGE IN POTENTIAL
COIL, LAG COIL, AND DISK
F, is the potential coil m.m.f. and F is the resultant m.m.f. of the
potential coil, the lag coil, and the disk, at room temperature, and F,
and F' are the same respective m.m.fs. at a higher temperature. Since
the e.m.f. induced in the disk is 90 deg. behind the resultant m.m.f.,
Ed would change to Ed' and the disk current would change from Id to
Id', thus introducing an angle e between the voltage E and the disk
current Id', with the resultant error in registration.
At the same time, however, the same increase in the ratio of resist-
ance to reactance takes place in the lag coil and the disk so that the total
effect would be slightly greater than that shown in Fig. 1lb, thus increas-
ing the angle e.
The relative effect of these causes at different load circuit power
factors is shown in Fig. 12. Here three power factors are assumed for
the load, namely 100 per cent, 50 per cent current lagging, and 50
per cent current leading. The driving torque in each case will depend
upon the magnitude of the component of the disk current which is in
phase with the load current. It will be seen that there is comparatively
little change in the driving torque for leading current, and that the
greatest change occurs in the case of lagging current.
19. Causes Independent of Power Factor of Load. -The fourth and
fifth causes listed above constitute the second group, or those whose
effect is independent of the load power factor. If the resistance of the
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FIG. 12. VECTOR DIAGRAM SHOWING EFFECT OF LOAD
POWER FACTOR ON REGISTRATION OF A METER
shading coil is increased, the short circuit current in it is decreased, and
the shifting of the flux is thereby decreased. This produces a decrease
of the friction-compensating torque and the result of this cause
alone would be a decrease in the speed of the meter.
If the resistance of the eddy current path on the damping side of
the disk were increased, the current in this path would decrease and the
damping for a given speed would be decreased. In order, then, to pro-
duce a given damping torque the speed of the meter would have to
increase.
The change in the damping flux can be attributed (a) to changes in
the magnetic strength or magnetic moment of the magnet and (b) to
changes in flux distribution caused by expansion.
It is difficult to prove that change in magnetic strength occurs with
change in temperature, especially under the conditions of these tests.
An article written by Professor S. P. Thompson* discusses thoroughly
the heating of permanent magnets. Professor Thompson says, "Rise of
temperature was found by Canton and other observers to produce a
temporary fall of the remanence and a fall of temperature to produce
a rise.
M1= Mo [1 + a (ti - to)]
Mo = magnetic moment at to
M1 = magnetic moment at tj
The results varied from -0.000044 to -0.00112.
"Wiedemann found that if a bar was strongly magnetized, and then
partially demagnetized (by opposite force) it would, on being heated,
lose some magnetism if the previous reduction had been small, but would
gain if the reduction had been large. Also, that if a newly made magnet
*"The Magnetism of Permanent Magnets," Proc. Inst. Elee. Eng., Vol. 50, 1913, p. 123.
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is repeatedly heated and cooled, the loss of magnetism at each heating
is only partially recovered on cooling, causing the progressive loss,
until finally a constant state is reached in which the magnetization loss
on being heated is restored on cooling."
20. Mechanical Causes.-The mechanical design of the meter con-
trols to a large extent the variation in registration due to mechanical
expansion of parts and it is difficult to state exactly what the effect of
the temperature change will be. Heating the yoke of. a meter did not
make any appreciable change in the registration. The meter showed an
increase in registration of only 0.3 per cent for about 50 deg. C. rise in
temperature.
Expansion of the frame and supporting lugs may or may not cause
a change in registration. It is evident that the different metals used will
not give a uniform expansion and the relative positions of the magnetic
fluxes (driving and damping) will be changed.
During one of the preliminary tests, the heating of a meter caused
the magnet support to expand to such a position that the magnet touched
the disk and stopped it. This occurred at a temperature of about 80
deg. C. The expansion of the shaft supporting the disk may be enough
to cause excessive friction or to even stop the meter. This was actually
the case in a preliminary run with meter No. 4. The top bearing was
set too low, and as the temperature was increased the meter showed a
decrease in registration until it finally stopped at 73 deg. C. The fric-
tion of the gears is very small normally, but in general will increase as
the temperature increases.
IX. SUMMARY AND CONCLUSIONS
21. Summary and Conclusions.-The effect of increasing the tem-
perature of the various parts of the meter may be summarized as follows:
(a) Increasing the temperature of the potential coil, the lag
coil, or the disk tends in general to decrease the speed, the magni-
tude of the effect depending upon the power factor, being least for
leading current and greatest for lagging current.
(b) Increasing the temperature of the friction compensating
coil tends to decrease the speed.
(c) Increasing the temperature of the damping side of the disk
tends to increase the speed.
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(d) Increasing the temperature of the damping magnets tends
to increase the speed.
(e) Mechanical expansion of the various parts due to increase
of temperature may tend to either increase or decrease the speed.
The total effect will be the algebraic sum of the individual ef-
fects, and will therefore depend upon the load power factor. With the
load current leading the decrease in speed due to (a) will be small
and will not offset much of the increase due to (c) and (d). With the
load current in phase, the decrease due to (a) will be larger and will
offset more of the effect of (c) and (d); with the load current lagging
the decrease due to (a) is still larger and will offset still more the
effect of (c) and (d). Thus the temperature coefficients will be
greater for leading current than for in-phase current and greater
for in-phase current than for lagging current. An inspection of the
curves shows that this conclusion is supported by the test data.
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